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ABSTRACT
Context. The Sco OB2 association is the nearest OB association, extending over approximately 2000 square degrees on the sky. Only
its brightest and most massive members are already known (from Hipparcos) across its entire size, while studies of its lower-mass
population refer only to small portions of its extent.
Aims. In this work we exploit the capabilities of Gaia DR2 measurements to search for Sco OB2 members across its entire size and
down to the lowest stellar masses.
Methods. We use both Gaia astrometric (proper motions and parallaxes) and photometric measurements (integrated photometry and
colors) to select association members, using minimal assumptions derived mostly from the Hipparcos studies. Gaia resolves small
details in both the kinematics of individual Sco OB2 subgroups and their distribution with distance from the Sun. Methods are
developed to explore the three-dimensional kinematics of a stellar population covering large sky areas.
Results. We find nearly 11 000 pre-main sequence members (with less than 3% field-star contamination) of Sco OB2, plus ∼ 3600
main-sequence candidate members with a larger (10-30%) field-star contamination. A higher-confidence subsample of ∼ 9200 pre-
main-sequence (and ∼ 1340 main-sequence) members is also selected (< 1% contamination for the pre-main-sequence), affected
however by larger (∼ 15%) incompleteness. We classify separately stars in compact and diffuse populations. Most members belong
to one of several kinematically distinct diffuse populations, whose ensemble outlines clearly the shape of the entire association. Upper
Sco is the densest region of Sco OB2. It is characterized by a complex spatial and kinematical structure, with no global pattern of
motion. Other dense subclusters are found in Upper Centaurus-Lupus (the richest one coincident with the group near V1062 Sco
already found by Röser et al. 2018), and in Lower Centaurus-Crux. Most of the clustered stars appear to be younger than the diffuse
PMS population, suggesting star formation in small groups which rapidly disperse and dilute, reaching space densities lower than
field stars while keeping memory of their original kinematics. We also find that the open cluster IC 2602 has a similar dynamics to
Sco OB2, and its PMS members are currently evaporating and forming a diffuse (size ∼ 10◦) halo around its double-peaked core.
Key words. Open clusters and associations: individual (Sco OB2) – stars: pre-main-sequence – parallaxes – proper motions
1. Introduction
Sco OB2 is the OB association nearest to the Sun. Its properties
were reviewed by Preibisch and Mamajek (2008), who summa-
rize a very large literature up to that date. Its close distance (of
order of 120-160 pc), together with the low spatial density of
its probable members, makes a comprehensive study of its total
population very difficult. As summarized by Preibisch and Ma-
majek (2008), there was a decade-long debate on whether this
assembly of B stars (only one O star, ζ Oph, is known to be-
long to the association) represents one physical entity or not. The
very diluted appearance, and the similarity between the proper
motion of putative members with the reflex solar motion were
arguments against its real existence. The Hipparcos data pub-
lished by de Zeeuw et al. (1999) provided however evidence in
favor of a physical origin of the association, but were limited
to its brightest members. As remarked by Preibisch and Mama-
jek (2008), most of its members are still undiscovered, if a nor-
mal IMF is present. The Sco OB2 association consists of three
large sub-associations: Upper Sco-Cen (USC), with still ongoing
star formation in the ρ Oph dark clouds; Upper Cen-Lup (UCL)
containing the Lupus dark clouds; and Lower Cen-Crux (LCC),
? Tables 2 and 3 are only available in electronic form at the
CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.125.5) or via
http://cdsweb.u-strasbg.fr/Abstract.html
which crosses the Galactic plane from N to S, which is thought
to be the oldest part of Sco OB2.
The huge apparent size of Sco OB2 (approximately 80◦ ×
30◦), and its sky position towards the densest regions of the in-
ner Galactic plane, are big obstacles for a large-scale study of its
population across the entire stellar mass range. Existing large-
scale surveys such as PanSTARRS (Chambers et al. 2016) or
VPHAS+ (Drew et al. 2014) cover only a small fraction of the
entire association. In fact, the great majority of the literature
on Sco OB2 (too vast to be reviewed here) consists of studies
of spatial regions covering only a small fraction of the associa-
tion size. Even X-ray imaging surveys, such as those by Krautter
et al. (1997) on Lupus or Sciortino et al. (1998) on Upper Sco
yielded only 136 and 50 members, respectively, over a combined
sky region of ∼ 10% of the total Sco OB2 extent. Studies such
as Pecaut et al. (2012) or Pecaut and Mamajek (2016; PM16)
on the late-type Sco OB2 population discovered less than 600
members, selected using a large variety of methods; others like
Hoogerwerf (2000) are affected by substantial field-star contam-
ination. Instead, the Gaia observations (Gaia Collaboration et al.
2016, 2018a) are very well suited for a complete study, fulfilling
the requisites of homogeneity over the entire size of the associa-
tion, sufficient photometric depth to cover the entire mass range,
and extremely high astrometric precision to resolve ambiguities
with reflex solar motion, and to avoid strong field-star contami-
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nation. Therefore, we devote this work to the study of the entire
Sco OB2 association using the Gaia DR2 data. Partial studies of
the region have already been presented by Wright and Mamajek
(2018) using earlier Gaia DR1 data, limited to the brighter stars
in the Upper-Sco region. Using Gaia DR2 data, Manara et al.
(2018) have studied a small number of candidate members in the
Lupus clouds, of which only five were confirmed as members;
instead, Goldman et al. (2018) report on the discovery of more
than 1800 members in the Lower Cen-Crux part of Sco OB2
down to substellar masses.
Throughout this work, we use exclusively Gaia data as far as
possible, even though there are many other datasets available on
this association, with a two-fold purpose: the first is maximum
uniformity, since member samples assembled in previous stud-
ies do not benefit from such a uniform selection strategy as is
now possible with Gaia; second, in doing this we develop and
test a method for studying young clusters and associations us-
ing Gaia which might in principle be applied to a large number
of star-formation regions, for which less or no auxiliary data are
available to complement Gaia data.
An astrometric study of the census of a cluster or association
has its roots in the kinematical coherence of their members, in-
herited from the bulk motion of their parent cloud. In the case
of an association like Sco OB2, extended over tens of degrees
in the sky, projection and depth effects become important, and
have actually been exploited in the studies based on Hipparcos
(convergent-point method), such as de Zeeuw et al. (1999) or de
Bruijne (1999). We discuss in depth the reconstruction of space
velocities based on the new Gaia data. Since the Gaia DR2 par-
allaxes (pi) used in this work are much more precise than the
Hipparcos parallaxes, some methods discussed here were not di-
rectly applicable to the Hipparcos data. It is also worth remark-
ing that very young clusters are often not “kinematically sim-
ple”, but show instead evidence of multiple kinematical popula-
tions in the same sky region: some examples are found in Jeffries
et al. (2014), Tobin et al. (2015), Sacco et al. (2015), or Damiani
et al. (2017).
This paper is structured as follows: Sect. 2 describes the
Gaia data used. Sect. 3 discusses analytical transformations be-
tween apparent and space velocities that are relevant in this con-
text. Sect. 4 presents our criteria for member selection. Sect. 5
presents the selection of various Sco OB2 subpopulations based
on spatial and kinematical criteria. Sect. 6 discusses ages of the
subpopulations. Sect. 7 discuss the three-dimensional structure
of the association. Finally, Sect. 8 provides a concluding sum-
mary of results.
2. Gaia Observations
With an estimated size of ∼ 2000 sq.deg., and its location in the
inner Galactic plane, a blind search among all Gaia DR2 sources
would yield an unmanageable source list. We therefore select
Gaia sources up to some maximum distance. In order to choose
the distance limit, we matched the Hipparcos probable Sco OB2
members from de Zeeuw et al. (1999) with the Gaia DR2 catalog
(keeping only Gaia sources with small relative error on parallax,
i.e. pi/∆pi > 10), and computed their cumulative distance distri-
bution (Fig. 1): this shows that while ∼ 90% of these stars have
distances d in the range 100 < d < 170 pc, a curious tail includ-
ing ∼ 8% of stars extends as far as d ∼ 300 pc. In our search for
Sco OB2 members, we decided to set an initial distance limit to
200 pc, and examine later any evidence for association members
between 200-300 pc.


























Fig. 1. Cumulative distribution of Gaia DR2 distances for Hipparcos
members of Sco OB2. The vertical dotted line indicates our initial sur-
vey limit (200 pc). The horizontal dotted line indicates the percentage
(92%) of Hipparcos members closer than this distance.
In addition to the distance constraint, we note that the large
majority (∼ 90%) of pi measurements in Gaia DR2 are of low
S/N ratio, and do not allow to locate stars with great preci-
sion. Therefore, we also require that pi/∆pi > 10 (column par-
allax_over_error from table gaiadr2.gaia_source), that is a rela-
tive error on pi (and distance) less than 10%, for a good three-
dimensional positioning of all candidate members.
The spatial region used for selection was chosen to be
slightly larger than that shown in de Zeeuw et al. (1999) and
Preibisch and Mamajek (2008; their Fig. 2), in order to deter-
mine the boundaries of Sco OB2 in the most unbiased way.
Therefore, we searched the Gaia DR2 catalog in the galactic
longitude range 280 < l < 360 and galactic latitude range
−10 < b < +30. This search, with the above constraints on
pi > 5 and pi/∆pi > 10, resulted in 308 260 Gaia DR2 sources.
Besides the above filtering on parameter paral-
lax_over_error, we have experimented with the quality
filters number (1) to (3) suggested by Arenou et al. (2018). Filter
(1) is based on the astrometric χ2, modulated by the Gaia G
magnitude of the object; filter (2) is a photometric quality filter,
only useful if using Gaia colors; filter (3) is based on the number
of Gaia observations contributing to a given measurement. It
turns out however, that applying filters (1) and (3) to the Gaia
source list obtained above produces a rather large effect, with
only 149 141 of the sources (∼ 48%) passing the selection. We
have therefore tried to estimate whether this refinement brings
a worth improvement in our Sco OB2 Gaia source sample.
Fig. 2 shows the Gaia source density in the proper-motion (PM)
plane (µl, µb) in Galactic coordinates, with filters (1) and (3)
applied. The figure also shows the Gaia PMs of the probable
Sco OB2 (Hipparcos) members from de Zeeuw et al. (1999),
which coincide with a source density enhancement. The bulk of
field sources appear rather spread across the whole PM plane,
with only a modest enhancement near (µl, µb) = (−5, 0). The red
polygon encloses all Hipparcos members and the corresponding
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Fig. 2. Density plot (2-d histogram) of Gaia sources in the proper-
motion plane (µl, µb) in Galactic coordinates, with parallax pi > 5
and relative error on parallax pi/∆pi > 10, Gaussian-smoothed, and
with filters (1) and (3) applied (see Sect.2 for details). The circle at
(µl, µb) = (−40,−28) indicates the 1−σ size of the smoothing Gaussian.
The small cross at (µl, µb) = (−40,−25) represents the median PM error.
Black dots are the Hipparcos Sco OB2 likely members from de Zeeuw
et al. (1999). The color scale on the top axis indicates source density
in units of sources/(mas/yr)2. The red polygon enclosing all Hipparcos
members defines the extraction region of PM-selected Gaia Sco OB2
candidate members.
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Fig. 3. Same as Fig. 2, but without filters (1) and (3). The same color
scale is employed: densities above the range in the top-axis colorbar
are displayed in white (e.g. the core of the field-star distribution near
(-3,0)).
Gaia-source density enhancement, and therefore defines our
initial member selection region.
By contrast, Fig. 3 shows the Gaia source density in the same
PM plane, but without filters (1) and (3) from Arenou et al.
(2018): the difference is striking, especially in the bulk of field
stars near (−5, 0) (outside the initial selection polygon), and at
the same time detailed structures inside the member-selection re-
gion are much better defined. Therefore, filtering with criteria (1)
and (3) appears to be overdone, especially for the field stars, and
we choose not to apply these further restrictions to our initially
selected Gaia sample. It is nevertheless reassuring that the frac-
tional rejection caused by these additional filters affects likely
members (inside the red polygon) much less than field stars, so
that our final results are qualitatively unaffected by either choice.
Figure 2 shows also the median error on PM, and the size
of the smoothing Gaussian: both are much smaller than the dis-
tinct substructures which are evident in the density distribution
of candidate members: these latter indicate therefore resolved
dynamical structures of the member population, which we will
examine in detail in the next sections. The number of initial can-
didate members (inside the red polygon) is 40512. We will refer
to them as PM-selected stars.
3. Space velocities
Before proceeding further, it is necessary to recall that a kine-
matical stellar group is defined as having a common space mo-
tion, rather than a common proper motion. For a compact group
(less than 5-10 degrees on the sky) there is little difference be-
tween the two representations, hence analysis in the proper mo-
tion plane is usually sufficient to study memberships in com-
pact clusters. This is not true if an association of stars, such as
Sco OB2 in its entirety, extends over several tens of degrees.
We therefore devote this section to the development of a novel
procedure (as far as we known) able to characterize diffuse kine-
matical groups, for each star of which 5D data are available (po-
sition, parallax, proper motion), as in the present case.
The equations to convert sky positions (including distance R)
and motion to space coordinates and velocities are:
X = R cos b cos l (1)
Y = R cos b sin l (2)
Z = R sin b (3)






cos b cos l−R sin b cos l db
dt








cos b sin l − R sin b sin l db
dt













These definitions of U,V,W follow the same convention adopted
in many previous works (e.g., de Zeeuw et al. 1999, Dehnen and
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Binney 1998, Famaey et al. 2005, van Leeuwen 2009) 1. Now,











so that the above equations transform to:
U = vR cos b cos l − R sin b cos l µb − R sin l µl (10)
V = vR cos b sin l − R sin b sin l µb + R cos l µl (11)
W = vR sin b + R cos b µb. (12)
By simple algebraic manipulations, the latter three equations
may be solved for proper motions and vR, that is:
R µl = V cos l − U sin l (13)
R µb = W cos b − (V sin l + U cos l) sin b (14)
vR = W sin b + (V sin l + U cos l) cos b. (15)
The term Rµl = Vl is nothing else as the transverse velocity
along l, and similarly Rµb = Vb. In Sco OB2, vR is known for
only a very small percentage of members.
In the case of a spatially compact population (a few de-
grees on the sky), the sin l, cos l, sin b and cos b are nearly con-
stant, and clustering on the PM plane (and parallax) guarantees
also clustering in space velocities. For diffuse populations cov-
ering many (tens of) degrees on the sky, instead, variations in
the sine/cosine terms cannot be neglected. However, the spe-
cific (strong) assumption that a group of stars shares the same
space motion (U = U0,V = V0,W = W0) can still be tested,
even if their vR values are not known. Defining ξ = tan l and
z = Rµl / cos l = Vl / cos l (z is the greek letter “digamma”),
both of which are measured for every star, we may rewrite Eq.13
as:
z = V0 − U0 ξ (16)
which is a simple straight line in the (ξ, z) plane, the same for
all stars in a kinematical group. Conversely, a group of stars not
falling along the same straight line in the (ξ, z) plane cannot be
a single kinematical group. The intercept and slope of the line
provide space-velocity components V0 and U0, respectively. The
third velocity component W0 can then be derived from Eq.14,
suitably rewritten as:
W0 =
R µb + (V0 sin l + U0 cos l) sin b
cos b
(17)
1 There is no universal convention on the definition of U, with some
authors defining it as U = −dX/dt, as mentioned by Johnson and
Soderblom (1987).
where U0 and V0 are derived from the previous step, and all
other quantities on the right-hand side are measured for each
star. Unlike U0 and V0, derived from a population best-fit, W0
from Eq.17 is computed for each star in a given group. Kinemat-
ical coherence requires that the distribution of such W0 values
be sharply peaked, consistently with the expected width of the
actual W distribution (typically 1-2 km/s), and the propagated
measurement errors, here dominated by errors on parallaxes. We
define this method as our method A.
We have also devised an alternative method to recover
(U0,V0,W0) for a diffuse kinematical population with Gaia mea-
surements, but in the absence of measured vR. In fact, in Eqs. 10
to 12 terms l, b,R, µl, µb are all known, and those equations may
be condensed as:
U = vR a1 + b1 (18)
V = vR a2 + b2 (19)
W = vR a3 + b3 (20)
where ai and bi are constants (for each given star). These para-
metric equations describe a straight line in the (U,V,W) space,
with vR as a parameter. For varying vR, each star corresponds
to a line. For a kinematical group of stars, all the correspond-
ing lines will converge to the common point (U0,V0,W0). This
method permits a simultaneous determination of all three ve-
locity components, unlike method A above. We define this sec-
ond method as method B. In its essence, it is analogous to the
“spaghetti method” from Hoogerwerf and Aguilar (1999), how-
ever in a simplified form, which is justified by the much higher
precision of Gaia measurements compared to Hipparcos.
3.1. Expansion motions
If a kinematical group expands linearly, its space velocities will
be:
U = U0 + k(X − X0) (21)
V = V0 + k(Y − Y0) (22)
W = W0 + k(Z − Z0) (23)
where (X0,Y0,W0) is the center of expansion and k is a constant.
We remark that there is circularity in this definition, since the
center of expansion is defined as the (only) point in space where
(U,V,W) = (U0,V0,W0), but, conversely, (U0,V0,W0) is defined
as the space velocity in the center of expansion. Exactly the same
dynamics may be described assuming (X,Y,Z) = (0, 0, 0) as the
center of expansion, and (U0 − kX0,V0 − kY0,W0 − kZ0) as its
space velocity. This is a conceptual ambiguity, and cannot be
solved by any analysis method, as long as the velocity law is
linear. By inserting the velocity laws Eqs. 21-23 into Eqs. 10-12,
combined with definitions in Eq. 1-3, we obtain that
U0− kX0 = (vR− kR) cos b cos l−R sin b cos l µb−R sin l µl (24)
V0 − kY0 = (vR − kR) cos b sin l−R sin b sin l µb +R cos l µl (25)
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W0 − kZ0 = (vR − kR) sin b + R cos b µb. (26)
With the same manipulations as above, we obtain again linear
relations like Eqs. 13 and 16, that is
R µl = (V0 − kY0) cos l − (U0 − kX0) sin l (27)
z = (V0 − kY0) − (U0 − kX0) ξ (28)
which show that even in the case of linear expansion there is a
linear relation between ξ and z, in itself indistinguishable from
that found in the absence of expansion. As Eqs. 13 and 27 show,
the observed slope in the diagram (l,Vl) cannot be naively at-
tributed to expansion or contraction, since any slope can be ob-
tained for a suitable pair of constants (U0 − kX0,V0 − kY0), with
no constraints on k. Therefore, analysis of the stellar locus in
the (ξ, z) plane does not by itself provide any constraint on the
expansion parameter k. This is both bad news and good news:
if on one hand the diagram does not permit to asses if expan-
sion or contraction takes place (i.e., the value of k), on the other
hand even a kinematical population with k , 0 can be recog-
nized as falling along a straight locus in the (ξ, z) diagram. In
the same way, Eq. 17 can be used to compute W0 − kZ0 once
(U0− kX0,V0− kY0) are known, but not to derive k. More in gen-
eral, careful analysis of Eqs. 24-26 shows that the determination
of k is only possible if vR is also measured, together with the
other spatial and kinematical parameters. Therefore, only a com-
plete 6D dataset (not available for the majority of Gaia sources)
can provide us with a measure of k. This coefficient is deter-
mined with the help of Eq. 15, rewritten of course as:
vR−kR = (W0−kZ0) sin b+((V0−kY0) sin l+(U0−kX0) cos l) cos b
(29)
in whose right-hand side (V0 − kY0) and (U0 − kX0) come from
the linear fit to Eq. 28, and (W0 − kZ0) from Eq. 17 rewritten as
W0 − kZ0 = R µb + ((V0 − kY0) sin l + (U0 − kX0) cos l) sin bcos b .
(30)
In this way, the quantity v′R = vR − kR can estimated for each
star, and individual measurements of vR and R (from parallax)
permit to test the existence of expansion/contraction from the
correlation between vR−v′R and R, and to compute the coefficient
k = (vR − v′R)/R. A similar conclusion was reached by Blaauw
(1964) and Pecaut et al. (2012).
An exception may occur if a compact cluster of stars shows a
correlation between (for instance) l and Vl, suggesting expansion
or contraction, and the (absolute) values of U0 or V0 implied by
Eq. 27 assuming k = 0 would be unreasonably large. In this case
a (rough and preliminary) estimate of k might be obtained by
setting (X0,Y0) as the cluster center, and assuming U0 ∼ V0 ∼ 0,
regardless of vR measurements.
4. Membership to Sco OB2
Here we examine the various indicators for Sco OB2 member-
ship provided by the Gaia data, taking also advantage of the low
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Fig. 4. Color-Absolute Magnitude Diagram (CAMD) of all Gaia
sources in our PM-selected member sample (polygon in Fig. 3). The
red arrow is the reddening vector from Kounkel et al. (2018). The solid
black polygon redward of BP − RP ∼ 1 defines our “PMS locus”. The
solid black polygon blueward of BP−RP ∼ 1.4 defines the “Upper MS
locus”. The dotted red line is the Pleiades sequence, while the dashed
red line is the sequence of cluster IC 2602, both from Gaia data.
4.1. Color-Absolute Magnitude Diagram
A useful diagnostic tool enabled by the accurate Gaia data is the
Color-Absolute Magnitude Diagram (CAMD, shown in Fig. 4),
based on Gaia BP and RP photometric measurements, and Gaia
absolute G magnitude MG (see e.g., Gaia Collaboration et al.
2018b). The error on MG introduced by parallax errors, given
our selection on pi/∆pi, is 0.22 mag at most, and typically much
less except for the faintest sources.
The CAMD in Fig. 4 shows only Gaia sources in the PM-
selected member sample (red polygon in Fig. 3). This diagram
shows both a well-defined main sequence (MS), and a clear pre-
main-sequence (PMS) band above it, separated by a gap. Also
shown for reference are the empirical sequences of the Pleiades
and IC 26022 clusters, derived by us using Gaia DR2 data. In
the lower left part (BP − RP < 1, MG > 10) the white-dwarf
sequence is also visible. The low-density, diffuse cloud of data-
points below the MS at colors BP−RP > 1 is due to the so-called
“BP−RP excess” (e.g., Arenou et al. 2018), arising from source
confusion in dense areas, for which the BP and RP colors are
unreliable. In our sample this effect involves a negligible frac-
tion of Gaia sources, even though we did non apply filter (2)
from Arenou et al. (2018), purposely designed to remove those
sources. The PMS band comprises all the low-mass members of
Sco OB2, while the more massive MS members (BP − RP < 1)
cannot be distinguished from the field stars from this CAMD.
The red arrow is the reddening vector, as estimated by Kounkel
et al. (2018) for low extinction values: the narrow width of the
2 The IC 2602 sequence is computed from all Gaia members se-
lected from a square sky region of 5◦ side centered on (RA,Dec) =
(160.74167,−64.4), and with constraints pi/∆pi > 10, −26 < µl <
−17 mas/yr, −2 < µb < 4 mas/yr, and 6 < pi < 7 mas (383 stars).
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Fig. 5. Same as Fig. 3 (with the same color scale), for all stars in the
PMS and Upper-MS loci from Fig. 4. The red polygon is the same as
in Fig. 3. Dots indicate members from PM16 (their Table 7), with Gaia
parallax pi > 5. Outside the red polygon the density of stars is very low,
but not zero. The dotted grey polygon is a reference region to estimate
contamination (see Sect. 4.4).
MS at BP − RP < 1 (i.e., where it is not parallel to the red-
dening vector) shows that extinction is negligible up to the max-
imum sample distance of 200 pc. Exceptions to this are only
likely in the immediate vicinity of dark clouds (ρ Oph, Lupus),
which occupy a tiny fraction of the studied sky area. The larger
solid black polygon in Fig. 4 encloses all possible PMS stars up
to very young ages, and at the same time is affected by only a
minimal contamination from low-mass MS field stars, thanks to
the MS narrow width: this polygon defines our “PMS locus” in
the CAMD, and contains 10839 sources (strongly dominated
by members), reported in Table 2 and henceforth referred to as
PMS sample. The oldest ages covered by this PMS locus cor-
respond approximately to the age of IC 2602 (∼ 45 Myr, e.g.,
Dobbie et al. 2010). The upper-MS locus of possible Sco OB2
members falls instead inside the smaller black polygon, in the
upper left part of the diagram, and contains 3598 sources (both
members and field stars), reported in Table 3 and henceforth
referred to as Upper-MS sample. In both Tables 2 and 3 we
also include star identifiers from SIMBAD, when available; the
match between the SIMBAD database and the Gaia DR2 cata-
log was made by CDS (Strasbourg) and not checked by us. Out
of the 10839 PMS members in Table 2 only 1840 (17%) have
a corresponding entry in SIMBAD; instead, a SIMBAD match
is found for 2922 (81%) of the 3598 Upper-MS members in Ta-
ble 3. The PMS and Upper-MS samples will be referred to col-
lectively as the CAMD candidate member sample (14437 stars).
The CAMD of Fig. 4 also shows a modest number of red-clump
giants, and an even smaller number of brighter and redder giants
at BP − RP > 2 and MG < 0. This type of stars cannot be a
contaminant for the CAMD candidate sample.
4.2. Proper-motion Diagram
The combination of photometric selection from the CAMD with
astrometric selection from the PM plane provides us with a very
clean sample of Sco OB2 members, especially for the (numeri-
cally dominant) low-mass PMS stars, less cleanly for the Upper-
MS stars. In fact, Fig. 5 shows the density of CAMD candi-
dates (with no constraints on PM) in the PM plane, as in Fig. 3.
The CAMD selection has the obvious effect of removing the
largest majority of field stars, both near (µl, µb) ∼ (0, 0), and
diffusely across the PM diagram (Figs. 5 and 3 have the same
color scale). We estimate the residual contamination from field
stars in the CAMD+PM-selected sample (i.e., the stars shown in
Fig. 5 and falling inside the red box) in Sect. 4.4 below. The
density distribution of CAMD candidates in the PM plane is
highly structured. The comparison with median errors and width
of the smoothing Gaussian kernel shows that all those structures
are real, up to a level of detail even greater than that shown in
Fig. 3. Fig. 5 also shows the Gaia DR2 proper-motion data
(small dots) of stars classified as Sco OB2 members by PM16
(their Table 7, henceforth “PM16 members”), matched with Gaia
positions within 1 arcsec. Of the 493 PM16 members, 454 have
a successful Gaia DR2 match, 451 with pi > 5. Thus, only 3/454
of matched PM16 members lie farther out than 200 pc, a much
smaller percentage than the de Zeeuw et al. (1999) massive can-
didate members (∼ 8%, see Sect. 2); this reinforces our argu-
ments for a limiting distance of 200 pc in the present study. The
vast majority of the PM16 members in Fig. 5 follows the same
density pattern as our CAMD candidate members, as expected.
However, of the 451 PM16 members with pi > 5, 18 (4%) fall
outside our PM-selection region (the red box in Fig. 5). There
may be a variety of reasons for this, one of which may be their
nature as astrometric binaries, which are not classified as such in
Gaia DR2. If so, and assuming that all PM16 members are true
members, we should conclude that our PM selection misses of
order of 4% of true members. However, enlarging the box further
to recover them is at risk of including too many contaminants
(see below) and this option will not be considered further.
4.3. Transverse velocities
Some of the structures in the CAMD member distribution in
Fig. 5 are in all probability related to the wide distribution
of these stars in the sky, which involves non-negligible pro-
jection effects (Sect. 3). No less important than the apparent
(sky-projected) space distribution is the depth distribution, sug-
gested by a correlation (not shown for brevity) which we find
between proper motion and parallax. In cases where the true
space-velocity vector is close to normal to the line of sight,
depth may become the dominant factor in the spread across the
PM plane for association members. To test this, we have com-
puted transverse velocities (VT) Vl and Vb (Sect. 3), whose dis-
tribution is shown in Fig. 6 for our entire sample, and in Fig. 7
for the CAMD-selected sample. It is obvious that the candidate
Sco OB2 members distribution is here more compact compared
to that in the PM plane of Fig. 5, indicating that depth effects do
indeed play a major role on the apparent motion of association
members. The error on Vl and Vb is often dominated by errors on
pi rather than on proper motion; we recall however that our sam-
ple was required to satisfy pi/∆pi > 10, so that, on average, errors
on transverse velocities are small, as shown in the Figure, and ve-
locity structures in the plot are real. Therefore, depth effects are
not uniquely responsible for the apparent dynamical structures,
and it is legitimate to investigate about other projection effects.
Article number, page 6 of 27
Damiani et al.: The stellar population of Sco OB2 from Gaia DR2




















0 200 400 600
IC2602
d < 200 pc
No filter
Error:
Fig. 6. Transverse-velocity plot (Vl,Vb), for the same sample as in
Fig. 3. The median error is indicated by black segments. The solid red
box encloses the majority of Sco OB2 members and was chosen in-
dependently from that in Fig. 3. The dashed red box encloses stars in
IC 2602.
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Fig. 7. Transverse-velocity plot (Vl,Vb), for PMS and Upper-MS stars
as in Fig. 5. The red box is as in Fig. 6. Black dots are members from
PM16 as in Fig. 5.
The red polygon shown in Fig. 6 and Fig. 7 encloses the majority
of Sco OB2 members and was chosen independently from that
in Fig. 5. It represents a more conservative selection compared
to Fig. 5. This becomes clear from a quantitative comparison be-
tween Fig. 7 and Fig. 5: in the former the red region encloses
11058 CAMD-selected members (henceforth VT-selected mem-
Table 1. Summary of candidate Sco OB2 members
USC UCL LCC All
PM + PMS 2862 4511 2803 10839
PM + Upper-MS 441 1261 1208 3598
VT + PMS 2587 4077 2154 9221
VT + Upper-MS 215 574 381 1337
bers), compared to 14437 candidate CAMD members in the lat-
ter.
Fig. 7 also shows the PM16 members of Sco OB2: of 451
stars with pi > 5, 69 (15.3%) fall outside our selection (red poly-
gon). We conclude that the VT-selected sample is a highly reli-
able, but significantly incomplete selection of association mem-
bers; in the following, we will consider this sample uniquely to
address questions where the highest astrometric quality is in-
volved. For general membership issues, the VT-selected sample
is too much incomplete, and we prefer to consider the PM selec-
tion from Fig. 5.
Table 1 summarizes the sample statistics, by sub-region and
adopted criteria. Numbers in column “All” are not the sum of
the three preceding columns, since a (small) number of candi-
date members lie outside the adopted boundaries of USC, UCL
and LCC regions. From a comparison between Figs. 5 and 7 it is
also clear than the VT selection leaves out IC 2602 stars, unlike
PM selection. The number of IC 2602 stars from the VT diagram
(and CAMD selection) is of 253 PMS and 114 Upper-MS stars,
which should be added to column “LCC” of Table 1, rows 3-4,
for a more accurate comparison with rows 1-2. The Table shows
that VT selection lowers the number of PMS candidates by 10-
20%, while it operates a much more drastic reduction (> 50%)
on the number of Upper-MS candidates, which is again indica-
tion of the higher non-member contamination in the Upper-MS
subsample.
4.4. Contamination
From the previous Section it is qualitatively clear that field-star
contamination in the PM+CAMD sample is very small (and even
less in the VT+CAMD sample). Here we try to quantitatively
estimate this contamination. Since the spatial region we study is
very large, it makes little sense to look for a comparably large
sky region, where one might reasonably assume to find the same
distribution of Galactic field stars but total absence of PMS stars.
A reference set of measurements where to evaluate contamina-
tion can be instead found in the PM diagram, still considering the
same spatial region of our whole sample. In particular, we have
shown that the largest majority of field stars across Sco OB2
(and for pi > 5) are clustered around (µl, µb) ∼ (0, 0) in Fig. 3,
and that CAMD selection rejects virtually all of them (Fig. 5). If
we displace our selection region on the PM plane (the red poly-
gon in Fig. 5), and re-center it to (0, 0) (with a 180-degree ro-
tation to avoid overlap with the current selection), we find 344
field stars inside the grey polygon in Fig. 5, also falling in the
PMS region in the CAMD. This is the absolute maximum con-
tamination which may potentially affect our PM+CAMD mem-
ber sample: therefore, a maximum contamination of 3.2%. For
the Upper-MS sample, the same procedure gives both a much
larger number and percentage of contaminants: 1162 field stars,
or 32.3%, which was qualitatively expected.
We have also estimated contamination using less extreme hy-
potheses. For example, by rotating the red polygon in Fig. 5 by
90, 180 and 270 deg. around (0, 0), we obtain respectively 200,
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Fig. 8. Spatial density of PM-selected PMS stars. The top-axis color bar indicates stellar density in units of stars per square degree. Pixels with
densities above the color-scale maximum are shown in white. The large red dashed rectangles indicate the boundaries of the Upper Sco-Cen (USC),
Upper Centaurus-Lupus (UCL), and Lower Centaurus-Crux (LCC) regions, after de Zeeuw et al. (1999) and Preibisch and Mamajek (2008). Black
dots are members after de Zeeuw et al. (1999). Positions of known star-forming regions from Mellinger (2008), and of the open cluster IC 2602,
are indicated with labeled small circles. The dense cluster around V1062 Sco is labeled UCL-1. This and the other small clusters UCL-2, UCL-3,
LCC-1, as well as IC 2602 and the Lupus III condensation are indicated by dashed rectangles.
62, and 72 contaminants for the PMS sample (0.6% to 1.8%),
and 1068, 345, and 275 contaminants for the Upper-MS sam-
ple (7.6% to 29.7%). Therefore, a rather robust conclusion is a
contamination level between 1-3% for the PMS sample, and be-
tween 10-30% for the Upper-MS sample.
We have also considered contamination of the VT-selected
samples from Fig. 7, using the same approach. By translating
the red polygon to (0, 0) (absolute-maximum case) we would se-
lect 94 field stars in the PMS sample, and 205 in the Upper-MS
sample (1% and 15% contamination, respectively, of the actual
VT-selected PMS and Upper-MS samples). By rotating the se-
lection region around (0, 0) we have 36, 4, and 16 PMS contam-
inants (0.04% to 0.4%) and 249, 41, and 47 Upper-MS contam-
inants (3% to 18.6%). As expected, VT selection involves a sig-
nificantly lower contamination than PM selection, at the expense
of a significantly lower completeness as seen above.
Therefore, the level of contamination in these Gaia mem-
ber samples are much lower than in earlier astrometric studies
such as Hoogerwerf (2000), where contamination ranges from
∼ 30% up to near ∼ 60%, even considering our worst case of
PM-selected Upper-MS members.
5. Spatial distribution of members
The sky-projected spatial density of PM-selected PMS stars is
shown in Fig. 8. The total sky area of the three regions is 1974
sq.deg., and the corresponding space volume up to the maximum
distance surveyed here (200 pc) is 1 653 883 cubic pc. The total
number of Gaia sources (after our selection on pi and pi/∆pi only)
in the three regions is 164042, clearly dominated by field stars:
we will discuss in Sect. 8 the local space density ratio between
members and field stars.
The highest density peaks of PMS stars in Fig. 8 (∼ 90
stars/square degree) are found near the ρ Oph dark cloud, and
rather surprising also in correspondence to a group of stars near
V1062 Sco, recently discovered by Röser et al. (2018) using
Gaia DR1 data, which is labeled as UCL-1 in the Figure. The
global distribution of the new PMS members follows rather
closely that of more massive members from de Zeeuw et al.
(1999), also shown in the Figure. Among the Lupus clouds, we
find a noticeable density peak only in Lupus III, and a much
weaker one in Lupus IV. Besides the main density peak in
ρ Oph, a complex spatial structure is found all over the Up-
per Sco region. At the opposite extreme, we find a weaker and
smoother density peak of PMS stars corresponding to the ZAMS
cluster IC 2602: this is not surprising, since at the cluster age
(∼ 45 Myr, e.g., Dobbie et al. 2010) the lowest-mass stars are
still found in the PMS stage, and were therefore selected using
our CAMD. Had we included all IC 2602 MS members, its spa-
tial density peak would have been much higher.
Figure 8 provides many details on the lower-density popu-
lations in Sco OB2. In the densest USC region, density exceeds
15 stars/sq.deg. over a contiguous region of approximate size
15◦ × 15◦, and exceeds 25 stars/sq.deg. over more than one-third
of the same area. There are no recognizable high-density con-
densations bridging the gap between this dense USC region and
density peaks in UCL, like those in the Lupus clouds and the
UCL-1 cluster mentioned above. Apart from Lupus III, other
subclusters in Lupus (Lupus I, II and IV) are rather weak from
the Gaia data, compared to e.g., the map in Preibisch and Ma-
majek (2008; their Fig.6), and definitely weaker than other sub-
clusters in UCL, labeled as UCL-2 and UCL-3 in Fig. 8. The
mismatch between the older member map in Preibisch and Ma-
majek (2008) and the one in Fig. 8 should not be surprising,
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Fig. 9. PM diagrams of spatially compact populations (PMS and Upper-MS), as defined by dashed rectangles in Fig. 8, and no other constraints
on PM. Only stars inside the dashed rectangles in the PM plane are kept as members of the respective compact populations.
since the former resulted from observations which were either
spatially incomplete, or with highly non-uniform depth, like the
X-ray observations in Lupus, while the Gaia data are uniform
over the entire region. On the other hand, Gaia is not very sen-
sitive to highly extincted objects, which are instead more effi-
ciently detected using X-ray observations.
Another density peak is found in LCC, labeled as LCC-1 in
the figure (containing 90 stars), together with weaker, unlabeled
peaks. Besides these density peaks, the entire Sco OB2 asso-
ciation is permeated by a diffuse population of low-mass PMS
members with densities of 5-10 stars/sq.deg., running without
apparent discontinuity through the entire length of the associa-
tion (∼ 70◦ on the sky).
The determination of kinematical groups may be severely af-
fected by projection effects when a diffuse population spans sev-
eral tens of degrees on the sky, as here. This does not hold for
compact clusters, however. Therefore, we separate the study of
compact and diffuse populations, and of their dynamics.
5.1. Compact populations
In the simplest case of a compact (on the sky) population, b ∼
const and l ∼ const, and Eqs. 13 to 16 show that Vl ∼ const and
Vb ∼ const (provided of course that the cluster is not elongated
along the line of sight, i.e., R ∼ const, as it seems reasonable). In
this case projection effects are not important. Condition for the
existence of a clustered and kinematically coherent population
is therefore clustering both in space and on the PM or VT plane.
We have selected from the spatial distribution of members shown
in Fig. 8 the local overdensities which most likely correspond to
physical groups, well above local density fluctuations. They are
indicated with dashed rectangles in the Figure. The definition of
the USC compact population will be discussed below.
Figure 9 shows the distribution on the PM plane of compact
(CAMD-selected) groups, as defined by spatial regions in Fig. 8.
These distributions confirm that these spatial groups do corre-
spond to kinematically coherent populations, with most stars
in each group being well localized in PM space. We consider
as confirmed members in each group only stars falling inside
the dashed boxes in Fig. 9. Stars from a given spatial group
which fall outside of the corresponding PM box are rejected
as members of the group. We find in this way 350 members
(PMS+Upper-MS) in IC 2602, 593 members in UCL-1, 52 in
UCL-2, 52 in UCL-3, 90 in LCC-1, and 69 in Lupus III.
The spatial distribution of the UCL-1 population is shown in
Fig. 10. As already evident from Fig. 8, this cluster is not sym-
metric, being not only elongated along l, but also possessing a
small “satellite” cluster (2 degrees to the East). This small com-
panion cluster was not detected in the discovery paper (Röser
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Fig. 11. (z, ξ) plot for IC 2602. The dashed black and red lines are
predicted loci of IC 2602 members, respectively for no expansion, and
for expansion with k = 0.05 km/s/pc.
et al. 2018). A slight asymmetry was also noticeable in the PM
plane (Fig. 9). UCL-1 has a likely complex internal dynamics,
which deserves further studies.
5.1.1. IC 2602
Figure 10 shows also the spatial distribution of PMS and Upper-
MS members of IC 2602 (not the complete cluster popula-
tion, which should also include lower-MS members). The fig-
ure shows the presence of an extended halo (∼ 10 − 15◦) around
this cluster. The halo density degrades smoothly away from the
cluster core, ruling out a substantial contamination by field stars.
The halo has a radius much larger than the known cluster size
(1.5◦ in radius after Kharchenko et al. 2013), and is asymmetric,
being elongated along l. Although IC 2602 does not belong to
Sco OB2, it is spatially and dynamically a close relative, and for
this reason we include it in this work, if even marginally. The
IC 2602 halo might be populated by cluster members which are
gradually lost (evaporated), as is expected for all but the most
tightly bound clusters (Lada and Lada 2003). While evaporat-
ing, members keep enough memory of their original kinematics
that they still contribute to the same peak in PM space as stars in
the IC 2602 core. The Gaia data are therefore providing us with
one rather clear detection of evaporation from a ZAMS cluster,
which deserves a deeper study in a future work.
We have examined if the Gaia data contain indications of
a measurable expansion rate for IC 2602. We have clarified in
Sect. 3 that an unambiguous determination of expansion requires
knowledge of radial velocities vR. We lack vR for the new Gaia
members, but since IC 2602 is a well studied cluster we know
vRs for members in its core, as recently measured by Bravi et al.
(2018) in the context of the Gaia-ESO Survey: from that work,
the median vR is 17.63 km/s. The Gaia data provide instead me-
dian transverse velocities of Vl = −15.02 and Vb = 0.77 km/s.
Inserting these values into Eqs. 10 to 12 we compute median
space velocities (U,V,W), which enable us to predict the locus
occupied by the IC 2602 members in the (z, ξ) diagram (Eq. 16),
in the absence of expansion. The resulting prediction is com-
pared to the data in Fig. 11. If we instead use Eqs. 24 to 26
and 28, and assume an expansion rate of k = 0.05 km/s/pc, we
obtain a distinctly different locus on the (z, ξ) plane (red line
in the figure). The actual Gaia data lie somewhat in between
these two cases, and deciding between them would involve a
detailed membership assessment (especially) for the halo mem-
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Fig. 12. Spatial map of PM-selected PMS stars in the USC region. The
dashed line encloses the bulk of the compact component in this area.
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Fig. 13. PM diagram of the compact USC component, as defined in
Fig. 12.
bers, which requires additional data. The value k = 0.05 km/s/pc
may nevertheless be considered as a robust upper limit for the
IC 2602 expansion rate. This is consistent with the known age
of the cluster: a star in the halo, 6◦ (16 pc) away from the cluster
core and traveling at constant speed since 45 Myr must have a
transverse speed of 0.35 km/s, while its predicted speed with
k ≤ 0.05 km/s/pc would be ≤ 0.8 km/s, consistent with this
value.
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Fig. 14. (µb, pi) diagram of the compact USC component. The dashed
lines select the “USC near” and “USC far” subpopulations.
5.1.2. Clustered populations in Upper Sco
In the USC region the distinction between the diffuse and
clustered populations is much less clear-cut than elsewhere in
Sco OB2. As Fig. 8 shows, the strongest density peaks in
USC are surrounded by intermediate-density regions (∼ 30
stars/sq.degree) and not immediately by low-density regions
(≤ 10 stars/sq.degree) as found throughout most of Sco OB2.
Moreover, the high-density regions in USC do not possess regu-
lar shapes, which makes their definition even more problematic.
Therefore, we devote this subsection to the definition of the clus-
tered USC population, and to the study of its peculiarities.
Figure 12 is a spatial map of all PM-selected PMS members
in the USC region (we avoid here Upper-MS candidates because
of their larger field-star contamination). The map shows an in-
terconnected aggregate of density peaks, of which the highest
roughly corresponding to the ρ Oph dark clouds. It might be
naively suspected that spatially adjacent peaks share the same
dynamics (proper motion), but we found this not to be true. The
spatial region is small enough (less than 10 × 10 sq.degrees as
far as the high-density regions are concerned) that projection ef-
fects cannot be responsible for the difference. We have therefore
selected all possible high-density peaks as clustered-population
candidates, and have then examined their dynamics. The selec-
tion was made visually, and corresponds to the dashed line in
Fig. 12. It defines 1045 PMS stars, without constraints on PM
or VT. This compact USC population is distributed on the PM
plane as shown in Fig. 13: two main groups are evident, plus sec-
ondary peaks within each of them. The correspondence between
position in space and in the PM plane is not trivial: for example,
the three small, well-defined peaks around (l, b) ∼ (353,+23)
do not contribute to the same group in PM space, despite their
proximity on the sky. The same is found for stars near ρ Oph.
The two groups in Fig. 13 are better separated along µb than
along µl; therefore, we consider also their distribution on the
pi, µb diagram, shown in Fig. 14. This shows that, on average,
the two groups have significantly different parallaxes, confirm-
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Fig. 15. Spatial distributions of “USC near”
and “USC far” subpopulations.
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Fig. 16. Transverse-velocity plot (Vl,Vb), for PMS and Upper-MS stars
in the diffuse component. The red box is the same as in Fig. 6.
ing that the two groups seen in the PM plane of Fig. 13 are real.
Therefore, we conclude that there are two rather distinct com-
pact populations in USC, which we will refer to as “USC-near”
(pi ∼ 7) and “USC-far” (pi ∼ 6 − 6.5). Operationally, we define
their members by using the two dashed regions in Fig. 14, in ad-
dition to the spatial region of Fig. 12. It should be emphasized
that neither of the two subpopulations has a regular structure,
there being significant substructures in both PM space and par-
allax. Figure 15, finally, shows that substructures in USC-near
and USC-far are also obviously present in their sky distribution.
It is intriguing that within USC close proximity on the sky does
not generally mean belonging to the same kinematical popula-
tion. The number of PMS (Upper-MS) members in USC-near
and -far are respectively 501 (19) and 350 (12).
5.2. Diffuse populations
The number of Sco OB2 members found to belong to compact
groups in the previous subsection is 2088 (1913 PMS and 175




















Fig. 17. Plot of parallax pi vs. transverse-velocity difference Vl − Vb.
The solid red line separates diffuse components D1 and D2, as labeled.
Upper-MS stars). This is only 14.5% of the total number of
PM+CAMD selected members: the bulk of association members
are found in the diffuse population. In this section we use meth-
ods presented in Sect. 3 to study the properties of kinematical
groups among this large diffuse population. We have tried sev-
eral methods to identify the best candidate samples for being a
kinematical group. We here start from the distribution on the VT
plane of diffuse members, shown in Fig. 16. Still after removal
of the compact populations, a complex multi-peaked structure is
observable in the VT plane. We might ask if projection effects
can be held responsible for such a structure (as depth effect were
demonstrated to be in the case of some of the structures on the
PM plane), but this is unlikely the case, for at least two reasons:
1) the association is much more elongated along l than along
b, yet the two main peaks in the VT plane are no better sepa-
rated along Vl than along Vb; and 2) the spatial distribution of the
(dominant) diffuse component in Sco OB2 is too smooth to pro-
duce two distinct peaks such as those in Fig. 16. Multiple peaks
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Fig. 18. Spatial maps of diffuse components D1 (upper panel), and D2 (lower panel).
on the VT plane therefore correspond likely to different kinemat-
ical groups. This is further confirmed by the density plot shown
in Fig.17, showing pi vs. the velocity difference Vl − Vb (i.e.,
the projection of the velocity vector along the direction which
maximizes the group differences, times
√
2). The richest group
(labeled D2 in the figure) spans a much larger parallax range,
and probably consists of multiple sub-populations; the less rich
group (D1) spans a smaller pi range, and is more likely to be a
single population.
All diffuse populations defined in this section are required
to be VT-selected members, in order to minimize the number of
possible interlopers. As a consequence, there will be a number of
PM-selected members falling neither in compact nor in diffuse
populations, but which are still kept in order to avoid excessive
incompleteness, as explained above. The population which each
star is assigned to is also reported in Tables 2 and 3.
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Fig. 19. Plot of z = Vl / cos l vs. ξ = tan l for all diffuse components.
Vertical dotted lines are plotted at constant l, spaced by 10 degrees.
The spatial distributions of populations D1 and D2 are shown
in Fig. 18. D1 is mostly found in UCL, and nearly absent in
LCC, while D2 populates all three of USC, UCL, and LCC.
The density of D2 is highest in USC, and there is a hint of a
density gap between USC and the rest of the D2 population.
On the other hand, D2 appears to extend beyond the commonly
adopted boundaries of Sco OB2, for example in the sky region
350 < l < 360 and 0 < b < 10 (hosting the cloud Barnard 59
and the Pipe Nebula).
Adopting the formalism developed in Sect. 3, we show the
(z, ξ) diagram for the whole diffuse population in Fig. 19. While
for l < 320 a linear dependence of z on ξ (and therefore a
single dynamical population) is consistent with the data, this
is not the case for l > 320. This confirms that multiple dy-
namical populations do exist, regardless of projection effects.
The same diagram, for the D1 component as defined above, is
shown in Fig. 20. In contrast to Fig. 19, here a linear relation
between z and ξ is observed, and the relative best-fit line is
shown. Also shown are the positions of the compact popula-
tions, computed using the respective median transverse veloci-
ties and positions. The UCL-1 and UCL-2 groups have a dynam-
ics which is very close to the D1 diffuse component, while UCL-
3 is only slightly discrepant; the dynamics of all other compact
groups is much less consistent with that of population D1. As
explained in Sect. 3, intercept and (negative) slope of the best-
fit line to D1 provide space velocities V0 = −17.86 km/s and
U0 = −10.11 km/s (Eq. 16). Inserting these constants in Eq. 17
we obtain (star-by-star) estimates of W for population D1: this
will be confirmed to consist of a well-defined kinematical pop-
ulation if the inferred values of W fall into a narrow range. This
is indeed the case, as demostrated by the histogram of derived
W values in Fig. 21, having a peak at W0 = −5.97 km/s, and a
std.dev. of 1.07 km/s. The peak width is well consistent with the
velocity spread commonly found in young clusters (1-2 km/s)
and we conclude that D1 is really a well-defined kinematical











































Fig. 20. (z, ξ) plot for the D1 component. Vertical dotted lines as in
Fig. 19. The dashed line is a linear best fit to the D1 datapoints. The
labeled circles indicate the median (z, ξ) values of the compact Sco OB2
populations.
We have checked this result using our method B: to do
this, we use Eqs. 18 to 20, generating for each star all possi-
ble positions (U,V,W) in velocity space for vR in the range [-
25,25] km/s, in steps of 0.5 km/s. Figure 22 shows the outcome
of this procedure, as density of datapoints projected to the (V,U)
and (V,W) planes, respectively in left and right panels. In both
panels, the density peak corresponds well to the values found us-
ing method A (small circles in the figure). On the (V,W) plane,
method B shows some substructures in the density peak; how-
ever, they are not sufficiently separated to permit a more refined
dynamical classification.
An analogous procedure was followed for population D2:
Fig. 23 is the corresponding (z, ξ) diagram. We have excluded
from D2 the USC region, since, as noted above, the spatial dis-
tribution of its diffuse component does not appear as a simple ex-
tension of D2 into the USC region. Even after removing the USC
region, Fig. 23 shows that D2 deviates from a simple straight line
at tan l ∼ −0.5. For tan l > −0.45 the diagram appearance sug-
gest the coexistence of two populations, labeled in the figure as
D2a and D2b, separated by the blue dotted line, and following
distinct linear loci (dashed lines). The D2a population overlaps
the tan l range of D1 (Fig. 20), but is a dynamically different pop-
ulation: the best-fit line for D1 is also shown in Fig. 23 (red dot-
ted line) for comparison. D2a is instead kinematically consistent
with compact groups USC-near and -far. D2b is consistent with
Lupus III, and slightly less with LCC-1, while it is obviously
inconsistent with UCL-1 and UCL-3. For D2a we obtain best-fit
values of V0 = −14.94 km/s and U0 = −16.2 km/s. Again, we in-
fer W values for its member stars, but this time we obtain a more
complex W histogram, as shown in Fig. 24: the W distribution
is obviously doubly-peaked, with maxima near W = −5.2 km/s
and W = −8.75 km/s. This is best interpreted as two popula-
tions, with nearly undistinguishable U and V components, but
well-separated W components. An approximate boundary in W
between the two sub-population is adopted at W = −6.75 (dotted
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Fig. 21. Histogram of inferred W for the D1 population. The vertical
red dashed line indicates the median W (-5.97 km/s).
red line in Fig. 24) We turn to method B for a check, whose re-
sults are shown in Fig. 25, the analogous of Fig. 22. Here again,
the (V,U) plane shows a single fairly well defined peak, coin-
cident with that found using method A; in the (V,W) plane, in-
stead, two distinct linear streams are evident, which are well con-
sistent with the two D2a sub-populations found by method A.
Again from this diagram, the sub-population corresponding to
peak W = −5.2 km/s is less rich than the other, and a complete
separation between the two does not seem possible.
Finally, diagrams illustrating results from methods A and B
for D2b are shown in Figs. 26 and 27. In this case we obtain
V0 = −14.09 km/s and U0 = −12.55 km/s, and the W histogram
is well-behaved, with a peak (median W) at W = −7.75 and
std.dev. of 1.2 km/s. Correspondingly, method B also indicates
a single population (Fig. 27), with space velocities in agreement
with method A.
Total number of PMS (Upper-MS) members for D1, D2a
and D2b populations are respectively 2105 (353), 757 (145), and
3562 (640). The existence of discrete diffuse populations, each
with its own well-characterized kinematical properties, as found
here, is in contrast with the continuous dependence of (U,V,W)
on l, as in Rizzuto et al. (2011). In hindsight, in Figure 2a from
Rizzuto et al. , at least three layers of constant U were already
noticeable. The Gaia DR2 data are much more precise than those
available to those authors, so that a continuous U distribution
across the entire Sco OB2 can be ruled out.
5.2.1. Diffuse population in Upper Sco
As is clear from Sect. 5.1.2, the USC region hosts populations
with a complex structure, both spatially and kinematically. Once
we remove the compact populations found in Sect. 5.1.2, the
remaining diffuse USC population (named USC-D2, since it is
a D2 sub-population) distributes on the PM plane as shown in
Fig. 28. Again, projection effects over such a limited sky re-
gion are negligible. A comparison between Fig. 28 and Fig. 13
shows that the dominant peak in this latter (USC-near, at µb <
−10 mas/yr) has no correspondence among stars in the dif-
fuse population (Fig. 28). Conversely, only secondary peaks in
Fig. 28 (at µl > −24 mas/yr) correspond to stars in USC-far
in Fig. 13. Therefore, compact and diffuse population in USC
have largely non-overlapping kinematical properties, except per-
haps for the USC-far group. Nevertheless, Fig. 28 suggests the
existence of kinematical substructures (or multiple subpopula-
tions) among the diffuse USC-D2 population, analogous though
not identical to compact USC populations.
Since projection effects across USC are small, our meth-
ods A and B are unlikely to provide significant indications on the
space velocity vector of the USC-D2 population. We have nev-
ertheless attempted this route as above, with the results shown in
Figs. 29 and 30 for method A, and Fig. 31 for method B.
Fig. 29 show that the (ξ, z) diagram for USC-D2 is somewhat
wiggly, and a linear fit not very significant. The inferred W his-
togram of Fig. 30 is, not unexpectedly, less regular than its ana-
logues for D1 or D2b; its std.dev. is larger (1.54 km/s), although
still plausible. Method B confirms that results from method A
are not well constrained: the locus of maximum density in the
(V,U) plane (left panel in Fig. 31) is very elongated (degener-
ate parameters); moreover, the density distribution in the (V,W)
plane possibly suggests two loci for the maxima, which are how-
ever very hard to disentangle, and only in rough agreement with
results from method A. This means that the structures on the PM
plane of Fig. 28 for the USC-D2 population are likely to be real,
but there is no simple, non-arbitrary way to separate the subpop-
ulations giving rise to them. Overall, USC-D2 comprises 1210
PMS and 119 Upper-MS members.
5.3. Stars beyond 200 pc
In Sect. 2 we mentioned that ∼ 8% of Sco OB2 members
from de Zeeuw (1999) have Gaia parallaxes indicating distances
larger than 200 pc. However, we also found in Sect. 4.2 that only
less than 1% of low-mass members from PM16 lie farther than
200 pc. Here we try to estimate if any significant part of Sco OB2
lies farther than this distance, which was assumed as the effective
far boundary of the association in all previous sections. There-
fore, we selected all Gaia sources with 3.3 < pi < 5 (distance
range 200-300 pc) and pi/∆pi > 10 as before, with PM-plane
selection and falling inside the PMS locus on the CAMD3. For
stars up to 200 pc, the same selection criteria resulted in the spa-
tial map shown in Fig. 8. For the 200-300 distance range, the
resulting sky distribution is instead shown in Fig. 32, displayed
with the same color scale as Fig. 8. The density of these (can-
didate PMS) stars is not uniform, with 3-4 probable concentra-
tions (mainly near Lupus), but does not follow the spatial pattern
found for Sco OB2 members. One of the most significant over-
densities, as also part of the diffuse component, lie even outside
the conventional association boundary. Average and peak densi-
ties are much lower than the corresponding values in Sco OB2.
All these characteristrics argue against these stars being associa-
tion members.
A further indication in this sense is provided by the VT dia-
gram for the same stars (Fig. 33). The VT diagram is preferred
3 We checked that the larger distance of the 200-300 pc sample im-
plies a faint limit around MG ∼ 13 on the corresponding CAMD. In
Fig. 4 only 70 PMS members (∼ 0.6% of all PMS members) fall below
that limit. Accordingly, we do not expect that the comparison between
samples within and beyond 200 pc is vitiated by their different limiting
MGs.
Article number, page 15 of 27
A&A proofs: manuscript no. Damiani_ScoOB2





















0 5 10 15


















0 5 10 15 20 25 30
Fig. 22. Results of our method B, for the D1 population. Left panel: (U,V) density plot. Right panel: (W,V) density plot. In each panel, the circle
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Fig. 23. (z, ξ) plot for the D2 component, but excluding the USC re-
gion. Vertical dotted lines as in Fig. 19. The dotted blue line separates
diffuse sub-populations D2a and D2b, whose best-fit lines are shown as
dashed red and black lines, respectively. The dotted red line is the D1
best-fit from Fig. 20, as a reference. The small circles are as in Fig. 20.
to the PM diagram because is compensates differences in depth,
which are there by definition. The comparison between this fig-
ure and Fig. 7 shows that there is no concentration of PMS can-
didates between 200-300 pc inside the red polygon used to select




















Fig. 24. Histogram of inferred W for the D2a population. The verti-
cal red dashed lines are estimates of the median W for the two peaks.
The boundary between the two D2a sub-populations is assumed at
W = −6.75 (dotted red segment).
in the VT plane are found at larger negative Vl values, outside the
red polygon. Most of the diffuse population between 200-300 pc
is widely spread over the VT plane. If the color scale in Fig. 33
were the same as in Fig. 6, the diagram would appear as almost
pure white. We conclude that there is no significant presence of
Sco OB2 members beyond 200 pc. Therefore, de Zeeuw mem-
bers beyond that distance are either non-members, or perhaps
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Fig. 25. Results of our method B, for the D2a population. Left panel: (U,V) density plot. Right panel: (W,V) density plot. In each panel, circles
























Fig. 26. Analogous of Fig. 21, for the D2b population.
runaway members. The first possibility is entirely plausible, as
in Table C1 from de Zeeuw et al. (1999) 8% of the Sco OB2
members have membership probabilities P < 70%. The scarcity
of PM16 members beyond 200 pc agrees well with our results.
6. Stellar ages
An important piece of information on the star-formation his-
tory in Sco OB2 is contained in the CAMD already presented in
Fig. 4. In particular, the obvious gap between the MS and PMS
loci shows that star formation in Sco OB2 only started less than
30-40 Myr (at most), and was essentially absent at earlier times,
that is, before the birth of IC 2602, whose sequence is shown
in Fig. 4. If continuous star formation were present, one would
expect in the CAMD a star density inversely proportional to the
speed at which a star crosses a given part of the diagram: there-
fore, datapoints should cluster near the positions corresponding
to the latest PMS stages, and have the least density high up on
the Hayashi track, that is the opposite of what we observe. The
pre-selection of sources shown in our CAMD was made only
from the (wide) region of the PM plane from Fig. 3. Strictly
speaking, we can only rule out that the parent molecular cloud of
today’s Sco OB2, whose dynamical signature is seen in Fig. 3,
formed stars earlier than 30 Myr ago: there might be many stars
at intermediate ages (e.g., 100-300 Myr) in the same space re-
gion, but having different kinematical properties. Alternatively,
the Sco OB2 parent cloud might have given birth to an earlier
generation of stars, but their dynamical signatures were com-
pletely erased on timescales of less than 30-40 Myr, through dy-
namical interactions with field stars. This latter scenario seems
however less likely, if we consider the rather narrow width of the
PMS locus in Fig. 4, and the well-defined spatial boundaries of
the diffuse Sco OB2 population found in Fig. 8.
We have examined the individual CAMDs of all kinematical
populations defined in Sect. 5. Members of IC 2602 are not con-
sidered here. We differentiate between the spatially compact and
diffuse populations. Since stellar aggregates are known to dis-
perse with time (on average), but never to condense out of a dis-
persed population, the diffuse Sco OB2 populations must be on
average older than the compact populations. This holds irrespec-
tive of our ability to trace back star positions to their birthplace,
from accurate measurements of individual stellar motions.
The CAMDs of Sco OB2 stars from compact popula-
tions are shown in Fig. 34 (left panel). For each group, a non-
parametric fit (lowess) was made. The same was made for the
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Fig. 27. Results of our method B, for the D2b population. Left panel: (U,V) density plot. Right panel: (W,V) density plot. In each panel, the
circle indicates the result of method A.
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Fig. 28. PM diagram of the diffuse population in USC.
Gaia DR2 data of the Pleiades and IC 2602 (solid lines) and
for the total PMS Sco OB2 population (dashed black line). The
standard deviations σ(MG) (mag) around the individual best-fits,
and the average difference ∆(MG) (mag, positive upwards) with
respect to the total-population best-fit were computed for each
subgroup, as shown in the figure legend. The same procedure
was made for the diffuse populations, and the result shown in
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Fig. 29. (z, ξ) plot for the USC-D2 population. The dashed line is the
best fit. The small circles are as in Fig. 20.
rect for reddening, it is clear from the figure that it cannot be
responsible for the observed spread of datapoints.
The comparison among all populations is easier if we con-
sider the diagram in Fig. 35, which summarizes all σ and ∆
values from the previous CAMDs. The youngest compact pop-
ulations are (in order of increasing age) Lup-III, USC-near and
USC-far. The youngest diffuse population is USC-D2 which has
both σ and ∆ very close to USC-far: these two populations are
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Fig. 30. Analogous of Fig. 21, for the USC-D2 population.
closely related. The remaining diffuse populations are definitely
older, with ages not significantly different from the compact
groups UCL-1, UCL-2, UCL-3 and LCC-1. D1 and D2b pop-
ulations constitute the bulk of UCL and LCC members (without
one-to-one correspondence to these spatial regions, however),
and their indistiguishable ages match well with results from Ma-
majek et al. (2002) and PM16.
The fact that the three youngest groups are compact ones
agrees with our above arguments that the diffuse Sco OB2 pop-
ulations are on average older than the compact ones. However,
it is not entirely satisfactory that a non-negligible fraction of
stars in USC-near and -far are found at old apparent ages (small
∆), overlapping the bulk of stars in the D2b diffuse population.
The latter is mostly located in LCC. As extensively discussed in
the literature reviewed by Preibisch and Mamajek (2008), USC
is thought to be the youngest part of Sco OB2 (only 22 stars
older than 5 Myr were found in the ρ Oph cluster by Pillitteri
et al. 2016); moreover, star formation in USC has been argued
to have been triggered by events (e.g., supernova explosions) in
the neighboring UCL region, itself triggered from LCC (the old-
est part of Sco OB2). The presence in USC of stars as old as
those in LCC does not fit in this picture. The only possibility
to reconcile the commonly accepted sequence of star-formation
events across Sco OB2 with the incongruence described above is
that individual star positions in the CAMD do not reflect (only)
stellar ages. This was already proposed by Baraffe et al. (2012,
2017), and Dunham & Vorobyov (2012); see also Jeffries (2012).
According to these models, the position of a star in the PMS part
of the CAMD (or any equivalent of the temperature-luminosity
diagram) would depend not only on its mass and age, but also
on its past accretion history during the protostellar phase, which
may be different from star to star. If this is true, then the large lu-
minosity spreads we observe for USC-near and -far would have
little to do with an (unlikely) spread of ages in USC, and indicate
instead a wide range of past accretion histories for USC stars. It
should be remarked that the individual accretion histories in a
remote past are no longer traceable from (for instance) accretion
or disk diagnostics observable today, and that the star positions
in the CAMD need not be altered by non-photospheric contri-
butions for such a scatter to take place. The large ∆(MG) for the
same stars, on the other hand, would agree well with the younger
ages of USC and Lupus III among all Sco OB2 populations, as
reported in the literature, and suggested by their compact mor-
phology.
The compact groups UCL-1 and UCL-3 (and UCL-2 to a
lesser extent) fall in Fig. 35 close to the diffuse D1 and D2a
populations, with which they are also nearly co-spatial (Fig. 18).
This suggests that these clusters are nearly coeval with the dif-
fuse population in UCL, and are what remains of the original star
formation sites in that part of Sco OB2. Determining if these
subclusters are bound or not would require estimates of their
masses, spatial and velocity dispersion, which were not quan-
titatively made.
7. Three-dimensional structure
The availability of precise parallax values (to better than 10%)
for our Sco OB2 PMS members enables us to study their three-
dimensional (3-d) placement in space, represented using the
XYZ coordinate system. The various two-dimensional projec-
tions of the full 3-d positions are shown in Fig. 36. We show
only the VT-selected members for highest reliability, from both
the PMS and Upper-MS samples in panel a, and only PMS
in panels b, c, d. We also included IC 2602 for comparison.
Panel a is slightly smoothed to emphasize some details in the
higher-density regions, while the other three panels show the un-
smoothed distributions, to show even individual stars. Thanks to
the good-quality parallaxes used, only a mild finger-of-God ef-
fect (elongated distributions towards the Sun) is noticeable. The
highest-density region in panel a coincides with the USC region
surrounding ρ Oph, at (Y, X) ∼ (−15, 135), and extends almost
40 pc in depth. The second-highest concentration is found at the
nearest edge of LCC, and coincides with the cluster LCC-1 at
(Y, X) ∼ (−90, 50). This is in apparent contradiction with the
density map of Fig. 8, where the second-highest density peak
was at the cluster UCL-1: this is explained by observing that
UCL-1 is much farther out than LCC-1, and therefore appears
more compact on the sky while the latter appears “diluted”; on
the contrary, shown in Fig. 36 is the true space density of stars,
irrespective of projection effects. UCL-1 (at (Y, X) ∼ (−50, 170))
becomes thus only the third-highest density peak in real space.
USC-1 and LCC-1 lie ∼ 125 pc apart in space, a distance which
can be considered as the total length of Sco OB2. The minor
peaks near (Y, X) ∼ (−50, 120) correspond to PMS stars in the
Lupus clouds. IC 2602 is found at (Y, X) ∼ (−140, 50): its halo
is again recognizable, and found to extend along the line of sight
as it was on the sky plane (Fig. 8). A careful inspection of its
spatial distribution reveals that its core is double-peaked, a fact
that could only be found from Gaia precise parallaxes: the two
peaks are aligned along the line of sight, and not detected in the
sky projected member distribution (Fig. 8).
In panels c, d of the same figure, the densest regions at Z ∼
50 correspond to USC. The densest cluster at Z < 0 is IC 2602,
while UCL-1 and LCC-1 lie at Z ∼ +15 and ∼ 0, respectively.
As the results from the previous section indicate, the com-
pact and diffuse Sco OB2 population show both similarities and
differences among them, and we have therefore studied their 3-
d distributions separately. This is done in Fig. 37, where pan-
els in the left column show the compact groups and those on
the right column the diffuse groups ( VT-selected PMS only).
These density plots are unsmoothed to show even individual
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Fig. 31. Results of our method B, for the USC-D2 population. Left panel: (U,V) density plot. Right panel: (W,V) density plot. In each panel, the
circle indicates the result of method A.
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Fig. 32. Spatial map of PM-selected PMS candidate members having parallaxes 3.3 < pi < 5 (distance between 200-300 pc). The color scale is
the same as in Fig. 8 for an immediate comparison.
stars. Several interesting observations may be made from these
plots. The IC 2602 population was selected on the basis of
(loose) spatial and PM constraints, with no selection of paral-
lax; yet, Fig. 37 shows that there are at most a handful of stars in
the IC 2602 group along its line of sight at random parallax val-
ues. Therefore, the number of contaminants in that sample (as far
as the PMS stars are concerned) is very small. The halo around
IC 2602 is therefore composed of genuine dynamical members
of the cluster, and we see from the figure that it measures up
to ∼ 40 pc in diameter, a size never suspected for that cluster,
which reinforces our arguments above on cluster evaporation.
Next, UCL-1 is much more distant than IC 2602, and although
it appears more compact on the sky it has a comparable physi-
cal size from Fig. 37. Its small satellite lies at the same distance.
Again, there are virtually no contaminant field stars all along
the line of sight, despite no parallax-based selection was applied
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Fig. 33. Transverse-velocity (Vl,Vb) plot of PMS stars between 200-
300 pc. The red box is the same as in Fig. 6.
in the cluster definition. This is true of all other compact popula-
tions as well. The USC-near and -far groups were selected on the
basis of their different kinematics and average parallaxes, but as
noted above are not very different in terms of their spatial distri-
bution. The two groups are largely overlapping in physical space,
a puzzling result which will deserve a more detailed study (pos-
sibly including spectroscopic measurements, on a larger scale
than made by e.g. Rigliaco et al. 2016).
The diffuse populations present projected spatial distribu-
tions (right column of Fig. 37) which are rather unlike those of
compact groups. They are on average slightly closer to us than
the compact groups (median distance for compact groups, ex-
cluding IC 2602: 155 pc; for diffuse populations: 143 pc). The
diffuse populations, which were selected essentially based on
their 3-d kinematics, have also different distributions in space
among themselves. D1 and D2a lie at markedly different aver-
age distances, although there is some physical mutual overlap
between them. Fig. 37 shows that D1 also possesses spatial sub-
structures, which were also suggested by our kinematical anal-
ysis using method B. The USC-D2 diffuse population in USC
shows the highest degrees of spatial complexity and substruc-
tures, not an unexpected result since it bears many similarities
to the compact USC populations both in kinematics (Sect. 5.2.1)
and CAMD (Sect. 6).
We discussed in the previous section evidence that most of
the diffuse populations in Sco OB2 are older than the compact
ones in Lupus and USC: therefore, Fig. 37 also suggests that
star formation in Sco OB2 started in regions closer to the Sun,
and then continued towards regions further away like USC, in
general agreement with literature results.
The comparison between the left and right columns of
Fig. 37 shows that LCC-1 has a close connection with the D2b
population, of which it might constitute a sort of remnant core.
We examined the kinematical connection between Lup-III and
the diffuse population in Sect. 5.2, and found that it is only
compatible with D2b. This is also consistent with the respec-
tive space distributions from Fig. 37: in this case, Lup-III would
nearly exactly mark the D2b boundary at large l. UCL-2 and -
3 were found kinematically consistent with D1, but examining
their spatial distribution this association becomes problematic
for UCL-2, since D1 does not reach as far as the position of this
subcluster.
8. Discussion and conclusions
We have analyzed the Gaia DR2 data on a sky region of ∼ 2000
square degrees containing the entire Sco OB2 association. Asso-
ciation members are clearly clustered on the proper-motion and
transverse-velocity planes, resolving any ambiguity with the so-
lar reflex motion which was present in earlier, lower-precision
astrometric data. Moreover, Gaia photometry and precise par-
allaxes of initial candidate members permit a clear distinction
between true low-mass members, populating a clear PMS locus
in the Color-Absolute Magnitude Diagram, from MS field stars;
no such clear distinction is instead possible for more massive
MS members of Sco OB2. The total number of PMS association
members is of 10839 PMS stars, with 1-3% contamination from
non-members, plus 3598 upper-MS stars with a larger contami-
nation (10-30%). A less contaminated, but less complete mem-
ber sample was obtained using transverse velocities (9221 PMS
and 1337 Upper-MS stars). Of the PM-selected PMS members,
2862 fall inside the conventional boundaries of Upper Sco-Cen
sub-association, 4511 in the Upper Centaurus-Lupus, and 2803
in Lower Centaurus-Crux. This is the largest and most complete
population ever found in Sco OB2, down to the bottom of the
stellar mass spectrum or even below. Most of the member stars
are found in a spatially diffuse component, on which local den-
sity enhancements are superimposed. The association spans a
large arc, both projected on the sky and in actual space, in good
agreement with earlier works (e.g., Sartori et al. 2003), but with
much better detail, and member distances range from approxi-
mately 100 pc to almost 200 pc.
The proper motion and parallax distributions of members
are clearly resolved thanks to the small measurement errors,
and show considerable substructures. We have identified 7 sub-
clusters (plus IC 2602) which are compact both in physical and
proper-motion space. We have also applied a new method to re-
construct the 3-d kinematics of diffuse populations, finding 4-5
distinct populations with distinct spatial and kinematical prop-
erties. These do not correspond to the traditional boundaries be-
tween USC, UCL and LCC sub-associations, their spatial dis-
tribution being more complex. The most “kinematically” com-
pact group is a cluster near V1062 Sco, recently discovered by
Röser et al. (2018), and here named UCL-1: still, this cluster
was resolved spatially (and in part, kinematically), with a prob-
able satellite sub-cluster only a few degrees away. While Röser
et al. (2018) list 63 stars from Gaia DR1 data, we find a total of
593 PMS+Upper-MS members in UCL-1. The densest, but not
richest part of Sco OB2 is Upper Sco, composed of an incoher-
ent (both in proper-motion space and in real space) assembly of
local stellar groupings, lacking a well-defined global organiza-
tion.
We find evidence from the CAMD that the majority (3/4)
of the diffuse populations are older than compact populations
in USC and Lupus: this fits with the picture of stars diffus-
ing away rapidly from their formation sites. We find however a
large spread in apparent ages from the CAMDs of the youngest
groups, as if the same compact cloud had formed stars during
a long period of time: this fits less well together with the age
ordering based on kinematics. A possible solution that we favor
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Fig. 34. Left panel: CAMD of stars in the compact populations, with colors indicating membership. Right panel: CAMD of stars in the diffuse
populations. The thin black (red) solid line is a best fit to the Pleiades (IC 2602) sequence, from Gaia DR2 photometry. For each population, σ
(mag) is the standard deviation of datapoints around the respective best-fit (colored solid lines), while ∆ (mag) is the mean difference with respect
to the overall best-fit (thick black dashed line). The reddening vector is shown with red arrows.






















Fig. 35. Magnitude difference spread σ vs. average difference ∆
(mags). Error bars on ∆ are equal to σ. In red are diffuse populations.
is that the luminosity spread in the PMS region of the CAMD
has its origin in the past accretion histories of individual stars, in
agreement with recent theoretical models.
The distribution of PMS stars on the CAMD is consistent
with the sequence of star-formation events, from LCC and UCL
to USC, reported in the literature. We find no significant age dif-
ference between the diffuse populations in LCC and UCL, in
agreement with Mamajek et al. (2002) and PM16.
In our study we included, almost serendipitously, the PMS
stars in the open cluster IC 2602, near the western edge of
Sco OB2 and close to it on the PM plane: the parent clouds of
Sco OB2 and IC 2602 might be considered as close relatives. We
find that the cluster has a double core, with two distinct parallax
peaks; moreover, it possess an extended low-density halo (> 10◦
in total size), which was never reported before to our knowledge:
its detection was possible only due to the unique capabilities of
Gaia.
Last, Gaia enables us to determine with accuracy the num-
ber of field stars, down to the same mass limits, which are co-
spatial with Sco OB2 members, not only in sky projection but
in actual three-dimensional space. For example, we find more
than 2500 MS stars in the USC region between 345 < l < 355,
12 < b < 25, and 6 < pi < 8 mas, where only 1977 PMS
members are found. Even worse, within the UCL sky limits and
parallax limits 6.5 < pi < 10 mas, more than 21000 MS field stars
outnumber the 2600 PMS UCL members in the same parallax
range. This means that very early during the evolution of these
stars their dynamics will be dominated by the general Galactic
potential, and not by the gravity of their coeval association mem-
bers. It is interesting, however, that despite being so diffuse on
the sky and spatially mixed with field stars, Sco OB2 members
still keep a strong memory of their initial kinematics, which will
be gradually erased by dynamical friction. These data would per-
mit an observational test of theoretical N-body models of mixing
two co-spatial, but kinematically distinct star populations (e.g.,
Mapelli et al. 2015).
The multi-peaked structure in the PM plane of stars in
USC (Fig. 13), and their highly asymmetric spatial distribution
(Fig. 15), suggest that turbulence and irregular geometries play a
major role in determining the dynamical properties of the newly
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Fig. 36. Positions of all VT-selected PMS Sco OB2 members in Galactic XYZ coordinates. Panel a: smoothed distribution in the XY plane; unlike
other panels, also upper-MS stars are included here. The Sun lies at (Y, X) = (0, 0). The directions of the Galactic center and rotation are indicated
with arrows. Panels b, c, d: spatial distributions of PMS members, projected onto the YX, YZ, and XZ planes respectively, with no smoothing
applied. Density is maximum for yellow color and minimum (non-zero) for blue; white indicates zero density.
formed stars in USC, while global ordered motions are much
less important. Considering an approximate USC size of 10 de-
grees, and a µb dispersion ∼ 1.4 mas/yr, the crossing time is
tcross ∼ 25 Myr, and using the formula trelax = N8 ln(N) tcross (e.g.,
Binney and Tremaine 1987) we obtain a relaxation time scale
trelax ∼ 1200 Myr, using N = 2862 from Table 1 as the number
of USC members: it is likely that USC stars will disperse be-
fore relaxation is attained, because of evaporation and release of
binding energy during gas dispersal.
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Fig. 37. Left panels: projections on the YX, YZ, and XZ planes of positions of VT-selected PMS members in compact populations. Right panels:
same projections for VT-selected PMS stars in diffuse populations.
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